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The three important areas of investigation concerning the mature cell 
wall of gymnosperms are as follows: (1) the distribution of the principal 
chemical components in cell walls; (2) the physical nature of the structural 
units—cellulose micelles or microfibrils—also one of the most important 
chemical components of cell wall; and (3) the orientation of structural 
units (microfibrils) in the primary and secondary cell walls, with respect 
to the morphological cell axis. The first two areas will be treated by other 
authors in this volume. This paper is concerned with the third, namely, 
the physical organization of the cell wall structural units, and is based on 
the results of electron microscopic observations. 


MICROFIBRILS AS STRUCTURAL UNITS 


It is well known that the framework substance of wood cell walls con- 
sists of cellulose, while their matrix and incrusting substances consist of 
hemicellulose and noncellulosic substances such as lignin. It was discov- 
ered by applying electron microscopy that the cellulose molecules, which 
are the main constituents of the cell walls of native fibers, including wood 
cells, are aggregated in the form of microfibrils, thus forming independ- 
ent structural units (Williams and Wyckoff, 1946). The width of mi- 
crofibrils is 100 to 300 Á, varying with the kind of native fiber, and their 
length is indefinite (Miihlethaler, 1960). These results were obtained not 
only from the examination of samples of disintegrated wood cells, but also 
from the observations of replicas and ultrathin sections of the secondary 
wall of untreated tracheids and fibers (Hodge and Wardrop, 1950; Ko- 
bayashi and Utsumi, 1955; Jayme and Koburg, 1959; Cóté and Day, 
1962). The reason why the width of microfibrils is not agreed upon, but 
is subject to various opinions, is that the measurements by means of elec- 
tron microscopy have been compared with the results of X-ray diffraction, 
which is the case for ramie. The width of the micelles (the crystalline 
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region) of ramie, obtained by the X-ray diffraction method, is 50 to 70 Ä, 
and their length 600 Ä (Hengstenberg and Mark, 1928). According to one 
opinion, the width of microfibrils is 50 to 100 Á, being equal to that of the 
micelle dimensions obtained by X-ray diffraction (Hodge and Wardrop, 
1950; Ränby, 1958; Kobayashi and Utsumi, 1955). According to another, 
a microfibril is composed of 2 to 4 aggregated micellar strands forming 
an independent unit (Frey-Wyssling et al., 1948). It is also said that the 
size of microfibrils is variable depending on the source of native fiber 
specimens (Wardrop, 1954; Mühlethaler, 1960). At present, however, it is 
generally supposed that in their natural state the structural units observed 
by electron microscopy occur as shown in the models proposed by Frey- 
Wyssling (1954, 1955). According to this concept, the microfibrils are 
about 200 Á in width and are further divided into smaller, elementary 
fibrils or micellar strands. Whether the structural units of wood cells are 
microfibrils or micellar strands, independent units in the form of fibrils 
can be observed with the aid of the electron microscope. Therefore, in this 
paper these units are called microfibrils. 


CELL WALL ORGANIZATION OF TRACHEIDS 


What is the nature and composition of the cell wall? How are the mi- 
erofibrils in the walls and layers oriented with respect to the tracheid axis? 
These problems will be dealt with in relation to the results of investigation 
by optical microscopy and X-ray diffraction, but will be limited to normal, 
mature gymnosperm tracheids. 

The optical microscopic investigations of Kerr and Bailey (1934) first 
gave an established idea of the cell wall organization of the normal tra- 
cheids. They divided a cell wall, according to the order of its formation, 
into several layers of different nature: into the thin primary wall adjoin- 
ing the intercellular layer and the thicker secondary wall, the latter being 
further divided into the outer, the central, and the inner layers, of which 
the central is thick, and the other two are thin. This division is due to the 
difference in the optical properties observed by polarizing microscopy in 
the transverse sections of tracheids. Between crossed nicols of the polar- 
izing microscope the primary wall is slightly birefringent (shimmers dimly), 
the outer and the inner layers of the secondary wall shine brightly, and the 
central layer is extinct. This was considered to be due to the difference 
of the orientation of micelles in the primary wall and in each of the layers 
of the secondary wall. The organization of cell walls, thus conceived by 
Kerr and Bailey (1934), is frequently referred to even in electron micro- 
scopic investigations. The discussion in the present paper also starts from 
this conception. 
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Following Kerr and Bailey, many investigations to clarify the micellar 
orientation in the cell wall with the optical microscope and X-ray diffrac- 
tion were reported: Bailey and Kerr, 1935; Preston, 1934; Onaka, 1936; 
Bailey and Vestal, 1937a,b; Ohara, 1939; Kubo and Go, 1941; Wardrop 
and Preston, 1947; Preston, 1952; Onaka and Harada, 1951; Harada et al., 
1951; and Bucher, 1957. 

When electron microscopy was applied to the investigation of the tra- 
cheid wall organization, the first intention was to confirm, by direct obser- 
vations, the conception established by Kerr and Bailey: namely, to dis- 
tinguish the primary wall and the three layers of the secondary from one 
another, taking notice of their thickness, and to ascertain the micro- 
fibrillar orientation in each of them. It was first expected that this purpose 
would be accomplished by getting transverse sections of tracheids, as in 
the case of the optical microscopic investigations, and observing them 
with the aid of the electron microscope. However, this proved to be im- 
possible because it was very difficult to get ultrathin sections from wood, 
and because the contrast of the ultrathin sections in the electron micro- 
graphs was not adequate. Therefore, instead of ultrathin sections, replicas 
of transverse sections of tracheids cut with an ordinary microtome were 
used, but the fine structure of the cell wall was masked by knife marks. 
Then the disintegration method was employed and the orientation of mi- 
crofibrils in the primary wall could be observed in the disintegrated speci- 
mens of cambial cells, for instance. In addition to this method, the 
replication method was applied. If the surfaces of macerated tracheids 
were replicated, the structure of the primary wall could be seen; and be- 
cause the tracheid wall has, as stated below, a lamellar structure, replicas 
of the split sections of a cell wall showed the structure of a layer or a 
lamella of the wall. If in this case several layers or lamellae, different in 
structure from one another, do appear at the same time, we can, by select- 
ing a layer as a basis for identification, recognize the other layers either 
as the primary wall or as any of the three layers of the secondary wall. 
Because the surface of a split section of a cell wall has small intermicro- 
fibrillar spaces, the contrast in the replication images is so emphasized 
that the orientation of microfibrils in the wall can be seen clearly, There- 
fore, the specimens obtained by the disintegration or the replication 
method are very useful for observing the fine structure of cell wall. The 
replicated specimens are especially excellent, in that they can be free from 
damage by the electron beam. 

However, the disintegration and the replication methods could not 
serve one important purpose, that is, to distinguish the primary wall and 
the three layers of the secondary from one another and to indicate their 
thickness. It was necessary, therefore, to take up again the ultrathin trans- 
verse sectioning of tracheids. And fortunately it was possible, owing to the 
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great improvements in ultramicrotomes and knives in recent years, to get 
excellent ultrathin sections almost continually. Thin sections of a high 
polymer substance such as a wood cell wall are, in electron microscopy, 
subject to insufficiency of image contrast and to damage by the electron 
beam. However, these inconveniences can be overcome by removing em- 
bedding materials from the sections and by shadowing procedures. The 
structure of the primary wall and of the layers of the secondary wall can 
be clarified by comparing the micrographs of sections of tracheids having 
incrusting substances removed by delignification with those of untreated 
tracheids. 

One result of the above-mentioned electron microscopic observations, 
based primarily on the disintegration, replication and ultrathin sectioning 
methods, is that the physical organization of tracheid walls, already sug- 
gested in the investigations by optical microscopy and X-ray diffraction, 
was confirmed. Another is that we could discover hitherto unknown struc- 
tures, such as a crossed and an intermediate structure in the secondary 
wall, and a wart structure in tracheids of some species. 

Some representative electron micrographs will be referred to in the 
following discussion. (The abbreviations P, S,, S,, and S, stand, respec- 
tively, for the primary wall and the outer, the central, and the inner layer 
of the secondary wall.) 

Distinction of the Primary Wall and the Three Layers of the Secondary 
Wall. In the electron micrographs of the transverse sections of tracheids 
we can, owing to the difference of penetrating power of the electron beam 
and to surface contrast, distinguish three different layers inside the inter- 
cellular layer (Fig. 1) (Yamamoto et al., 1956; Frei et al., 1957; Harada, 
1958; Jayme and Fengel, 1961a, b; Wardrop, 1963, 1964). By comparing 
the micrographs of untreated with delignified sections, these three layers 
can be identified as the P + S,, the S,, and the S,, and the existence of a 
wart structure (W) inside them can also be observed. The wall P can be 
distinguished clearly from the layer S, in the delignified section (Fig. 2), 
though not in the untreated section. This is probably because the micro- 
fibrils in the wall P are filled with incrusting substances, such as lignin. 
We cannot measure the thickness of the Wall P and the layers S,, S,, and 
S, because a delignified tracheid, when embedded in methacrylate, swells 
markedly, though we can measure their thickness in the enlarged micro- 
graphs of the untreated section (Fig. 3). According to measurements of 
an earlywood tracheid of Pinus densiflora, the wall P is 0.06 u in thickness; 
the layer S,, 0.31 u; the layer S,, 1.93 u; and the layer S,, 0.17 p; the 
layer S, occupying about 78% of the whole wall in thickness. This result is 
almost the same as that obtained by Jayme and Fengel (1961a) for spruce. 
A lamellar structure in the layers S,, S,, and S,, and a wart layer along 
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FIG. 1. Pinus densiflora. A transverse section showing the three layers of the secondary 
wall in earlywood tracheids. 

Fic. 2, Pinus densiflora, A transverse section of delignified tracheids showing the prim- 
ary wall and the three layers in the secondary wall. 
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FIG. 3. Pinus densiflora. A transverse section of an earlywood tracheid showing the 
intercellular layer (1), the primary wall (P), the three layers (S,, S2, S3) of the secondary wall 
and the wart structure (W). 

FIG. 4. Pinus densiflora. A transverse section of a latewood tracheid showing the indi- 
vidual layers of a cell wall. 


FIG, 5. Picea jezoensis. A replica of an earlywood tracheid showing microfibrillar orientation in P and S}. Note: the 
major cell axis in Figures 5 through 15 is vertical (1). In Figures 16, 17, and 22, the major cell axis is horizontal (+=). 
Fic, 6. Picea jezoensis. A replica of an earlywood tracheid showing the microfibrillar orientation in S, and Sy. 
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the lumen were also observed. Cell walls of a latewood tracheid are far 
thicker than those of an earlywood one, probably because the layer S, of 
the former is much thickened (Fig. 4). 

Microfibrillar Orientation in the Primary and the Secondary Walls. 
From the micrographs of replicas of a surface of a chemically macerated 
tracheid, a net-like orientation of microfibrils in the wall P was confirmed 
(Kobayashi and Utsumi, 1951). According to the micrographs of dis- 
integrated and replicated specimens of a cambial cell, the wall P is com- 
posed of two layers (P, and P,) different from each other in their orienta- 
tion of microfibrils (Wardrop, 1964). The structure of the wall P is also 
observed in the micrographs of replicas of an untreated tracheid, and it 
is assumed that the openings in the wall P are more completely filled with 
incrusting substances than those in the layer S, (Fig. 5). As to the micro- 
fibrillar orientation in the layers S,, S,, and S,, many workers have con- 
firmed the earlier findings of polarizing microscopy through the use of 
electron microscopy (Kobayashi and Utsumi, 1951, 1955; Liese and 
Fahnenbrock, 1952; Harada and Miyazaki, 1952; Harada et al., 1958; 
Liese, 1963). The microfibrils in the layer S, are oriented almost to a right 
angle to the tracheid axis, following a flat helical pattern (Fig. 5), while 
those in the layer S, show a steep helical structure (Fig. 6), oriented at an 
angle of 20 to 30” to the axis in the case of earlywood tracheids of Crypto- 
meria japonica and Picea jezoensis, and of 5 to 10” in the case of a late- 
wood tracheids of the same species. In the layer S, (Fig. 6), the micro- 
fibrils follow a flat helical pattern as in the S,. It is said that a spruce tra- 
cheid sometimes lacks the layer S,, but at least in Picea jezoensis there 
exists the S, with a flat helical structure (Fig. 6). 

The assumption by Bailey and Vestal (1937a,b) that the arrangement 
of microfibrils is, in the places where there are pits, far more deviated 
than in the places where there are no pits, was also confirmed by elec- 
tron microscopic observations. In the pit border, the microfibrils are ori- 
ented in concentric circles, while around it the microfibrils of the layer S,, 
of a flat helical structure, are so oriented as to surround a pit aperture, 
though they seem to be unconnected with the microfibrils in the pit bor- 
der. Therefore, there is some doubt that the pit border region belongs to 
the S, (Fig. 7). Also in the S, and the S,, the microfibrils are so oriented 
as to avoid the pit aperture (Figs. 7 and 8). When a half-bordered pit pair 


FIG. 7. Picea jezoensis. A replica of an earlywood tracheid showing the microfibrillar 
orientation of S, and S, in the pit region. 

Fic. 8. Pinus densiflora. A replica of an earlywood tracheid showing the microfibrillar 
orientation of S, in the pit region. 

FIG. 9. Picea jezoensis. A replica of an earlywood tracheid showing S, and Sy in the 
region of a half-bordered pit. 
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occurs between a tracheid and a ray parenchyma cell, the pit aperture of 
the tracheid wall takes the form of a convex lens. The long axis of the pit 
aperture is almost parallel to the microfibrillar orientation in the layer 
S, (Fig. 9). 

Parallelism of Microfibrils in the Secondary Wall. Even in a lamella of 
the secondary wall, the microfibrils are not arranged exactly parallel with 
one another. The degree of parallelism of microfibrils is the greatest in 
the layer S,, and the least in the S}, being medium in the S,. The com- 
parison of an earlywood tracheid with a latewood one, as to the S,, the 
thickest layer of the secondary wall, shows that the perfection of micro- 
fibrillar parallelism is greater in the latter than in the former (Figs. 10 and 
11). However, even in the latewood tracheids the microfibrils of the S, 
are not perfectly parallel with one another (Harada et al., 1958; Wardrop, 
1964). 

Crossed and Intermediate Structures. Optical mocroscopic investiga- 
tions could not demonstrate the existence, in the layers S,, S,, and S,, of 
lamellae where the orientation of microfibrils is crossed. Electron micros- 
copy, however, revealed at least two such lamellae in the S, (Wardrop, 
1954; Meier, 1955; Frei et al., 1957). Wardrop (1957) even suggests that 
the S, of a tracheid of Pinus radiata has a structure that consists of three 
patterns of microfibril orientation: a fine grid pattern, a coarse grid pat- 
tern, and a complete. However, such a crossed lamellar structure in the 
S, must be considered in relation to the structures of other layers: namely, 
a flat structure in the S,, and an intermediate one between the S, and 
the S,. 

The existence, between the S, and the S,, or between the S, and the S,, 
of an intermediate structure, in which the angle of microfibrils changes 
gradually until the direction of their orientation becomes reversed, has 
been unknown till recently. Kobayashi and Utsumi (1955) suggested, on 
assuming the existence of microlamellae as wide as microfibrils, that all 
the layers of the secondary wall are of a minute obliquely crossed struc- 
ture. Harada et al., (1958), on applying electron microscopy to the repli- 
cas of longitudinal sections cut with a microtome, of Picea jezoensis and 
Pinus densiflora, examined the intermediate structure in the secondary 
wall, taking an already known layer as a standard. The layers S,, S,, and 
S, are each composed of several lamellae, and the angles and directions 
of the microfibrillar orientation in these lamellae are almost the same. 
Between the S, and the S,, however, or between the S, and S,, there can 
be seen some lamellae where the angle of microfibrils changes gradually, 
and not, as in the above-mentioned patterns, suddenly, until the direction 
of their orientation becomes quite reversed (Figs. 12, 13, and 14). Though 


Fic. 10. Cryptomeria japonica. A replica of an earlywood tracheid showing the microfibrils in S). 
tomeria japonica. A replica of a latewood tracheid showing the microfibrils in S. 
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it is possible to regard such a gradual change of the angle of the micro- 
fibrillar orientation as attributable to a very few lamellae, at any rate 
in this case it can be seen that the microfibrils change the direction of 
their orientation in a form like a spread fan, between the S, and S, (Fig. 
15). Incidentally, it may be that the raised band observed between the S, 
and the S,, or between the S, and the S,, in the electron micrographs of 
the transverse sections of a tracheid (cf. Fig. 3), suggests the existence of 
an intermediate structure there. 


ORGANIZATION OF RAY PARENCHYMA CELLS 


In softwood, ray parenchyma cells constitute only 2 to 4% of the wood 
volume, and therefore they have not been investigated as much as tracheid 
walls. It was found with the aid of the polarizing microscope that the 
micelles of ray parenchyma cells are oriented spirally, and that the pri- 
mary wall and the layers of the secondary wall are distinguishable (Ward- 
rop and Dadswell, 1952). Not only the physical organization of paren- 
chyma cells of Cryptomeria japonica, but also the distribution of their 
chemical composition has been minutely examined by Harada and Ward- 
rop (1960). Between crossed nicols of the polarizing microscope it can 
be observed that ray parenchyma cells are divided into three layers: the 
thin central layer (S,), and the comparatively thick outer (S,) and inner 
(S,) layers. By measuring birefringence, it is assumed that the micelles in 
the layers S, and S, are oriented in a gentle inclination to the cell axis, 
while those in the S, are almost parallel to it. By applying electron micro- 
scopy to the replicas of ray parenchyma cells, much information has been 
obtained: that in the primary wall the microfibrils show a net-like struc- 
ture such as in tracheid walls, and that in the secondary wall there can be 
found a layer in which the microfibrils are oriented quite parallel with the 
cell axis, and two layers in which they are oriented at an angle of 30 to 
60” to the axis, the former being placed between the latter (Fig. 16). In 
collation with the observations by the polarizing microscope, these three 
layers are assumed to correspond to the layers S,, S;, and S;. The exist- 
ence, along the lumen side, of a layer in which the microfibrils are ar- 
ranged irregularly, was discovered for the first time (Fig. 17). In tracheids 
of Cryptomeria japonica, a wart structure can be found, but not in ray 
parenchyma cells (Fig. 17). 


FIG. 12. Picea jezoensis. A replica of an earlywood tracheid showing the intermediate 
structure between S, and S3. 

FIG. 13. Pinus densiflora. A replica of an earlywood tracheid showing the same structure 
as shown in Fig. 12. W— wart layer. 

FIG. 14. Picea jezoensis. A replica of an earlywood tracheid showing the intermediate 
structure between S, and Sy. 

Fic. 15. Picea jezoensis. A replica of an earlywood tracheid showing the intermediate 
structure between S, and S3. 


FIG. 16. Cryptomeria japonica. A replica of a ray parenchyma cell showing S, and S, (Harada and Wardrop, 
1960). FIG. 17. Cryptomeria japonica. A replica of a ray parenchyma cell showing the net-like structure of micro- 
fibrils on the lumen side (Harada and Wardrop, 1960). FIG. 18. Cryptomeria japonica. A transverse section of 
ray parenchyma cells showing the lamellae in the cell wall. 
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The existence of an intermediate structure in the secondary wall, as in the 
case of a tracheid, is a matter for further investigation. 

In the electron micrographs of the ultrathin sections of ray parenchyma 
cells, very distinct lamellae can be found (Fig. 18), but the distinction of 
the layers, such as the P, S,, S,, and S, in tracheid walls, cannot be 
observed, nor can any intercellular layer be distinguished between the ray 
parenchyma cells. This is probably because lignin is equally distributed 
throughout the whole cell wall (Fig. 19), as was suggested by the results 


FIG. 19. Cryptomeria japonica. An ultraviolet micrograph of a transverse section of ray 
parenchyma cells showing the distribution of lignin in the cell wall (Harada and Wardrop, 
1960). 


of the investigation by Asunmaa and Steenberg (1957) on the scattering 
density of the intercellular layer between tracheids. 

It is assumed that the pit membrane in a half-bordered pit pair, formed 
between a ray parenchyma cells and an axial tracheid, consists of an inter- 
cellular layer and the two primary walls. However, as shown in Figure 20, 
a transverse section of a ray parenchyma cell of Cryptomeria japonica, the 
aperture of a simple pit of a parenchyma cell, which should be open, is 
completely blocked by the cell wall (Fig. 21) (Harada, 1964). 

This feature has been also demonstrated by the replica micrograph 
taken from the lumen side of the ray parenchyma cell (Fig. 22). Though 
this has been observed also in the parenchyma cells of Thuja plicata 
(Krahmer and Côté, 1963), it is a matter for further investigation whether 
this is universal in all softwood species. 
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